INTRODUCTION
============

Topological superconductivity with p-wave--like pairing and time-reversal symmetry is one of the most intriguing topics of today's physics research due to its potential to host exotic phenomena such as Majorana fermions and supersymmetry, as well as potential applications in topological quantum computation ([@R1]--[@R4]). However, bulk topological superconductors (SCs) are rare and typically exhibit extremely small superconducting gaps and very low transition temperatures ([@R4]), which impede experimental observations of the predicted fascinating physics. A promising alternative route to realize topological superconductors is to fabricate artificial heterostructures of an SC and a topological insulator (TI), in which proximity coupling induces a p ± ip pairing into the spin- and momentum-locked topological boundary states ([@R1]). Proximity-induced superconductivity in Bi~2~Se~3~ and Bi~2~Te~3~ has been reported by scanning tunneling microscopy and transport measurements ([@R5]--[@R8]). However, because of the simultaneous presence of surface and bulk states (BSs) at the Fermi level of these TIs, the occurrence of a helical Cooper pairing in the topological surface states (TSSs) has not been uniquely established. Unambiguous evidence can come, instead, from momentum-resolved probing techniques such as angle-resolved photoemission spectroscopy (ARPES). So far, proximity-induced pairing has been demonstrated only for the Bi~2~Se~3~/NbSe~2~ heterostructure ([@R9]), but not for Bi~2~Se~3~/Bi~2~Sr~2~CaCu~2~O~8+δ~, though it was initially proposed by Wang *et al*. ([@R10]). The latter case involves growing Bi~2~Se~3~ films on an orthorhombic d-wave SC ([@R11], [@R12]). The reason for these differences is still not well understood, but various factors have been cited, including strong electron correlation, Fermi surface and lattice structural mismatch, short superconducting coherence length, and a high density of structural defects at the interface ([@R11]--[@R15]). To resolve the issues, and thus to engineer optimized TI/SC heterostructures, it is critical to explore additional, preferably simple systems. However, practical difficulties with epitaxial growth of ultrathin Bi~2~Se~3~ films on superconducting substrates and pronounced interface reactivity have, so far, limited the preparation of TI/SC heterostructures suitable for ARPES studies.

Here, we present ARPES results on the superconducting proximity effect as a function of temperature and TI film thickness for the system Bi~2~Se~3~/Nb, which is arguably the simplest case in terms of the electronic and chemical structures of the components. Bi~2~Se~3~ is a prototypical TI, whereas Nb is an isotropic s-wave SC with a coherence length of 380 Å and the highest transition temperature of *T*~C~ = 9.4 K among all atomic elements. Because Nb is highly reactive and has a large lattice mismatch with Bi~2~Se~3~, standard Bi~2~Se~3~ film growth conditions involving a high substrate temperature and a high Se overpressure cannot yield a single-crystalline Bi~2~Se~3~ film on Nb with a sharp interface. Rather, the resulting system would be a Nb/NbSe~2~/Bi~2~Se~3~ sandwich system with a complex mixed interfacial structure that would impede a detailed momentum-resolved characterization of the electronic structure. To circumvent this problem, we have developed a novel, generally applicable flip-chip preparation technique that, upon cleavage, yields a clean, ultrathin Bi~2~Se~3~ film of a predetermined thickness and crystallographic orientation on a Nb substrate.

RESULTS
=======

Preparation and characterization of Bi~2~Se~3~/Nb heterostructures
------------------------------------------------------------------

In our experiment, Bi~2~Se~3~(0001) films with thicknesses of 4 to 10 quintuple layers (QLs) are epitaxially grown onto clean Al~2~O~3~(0001) substrates. Subsequently, 600 Å--thick polycrystalline Nb films are sputter-deposited on top of each of the Bi~2~Se~3~ films at \~30°C. The resulting specimens are then broken into small pieces, flipped over, and glued with the Nb surfaces downward onto polished copper sheets using Ag epoxy. Finally, the Al~2~O~3~ substrate backsides (now on top of the samples) are topped with cleavage pins ([Fig. 1A](#F1){ref-type="fig"}). Each assembled sample is introduced into the ARPES system and cleaved in situ by pushing the pin sideways ([Fig. 1B](#F1){ref-type="fig"}). As evidenced by our detailed analysis shown in [Fig. 1](#F1){ref-type="fig"} (C to E) (see the Supplementary Materials for details), the cleavage occurs at the Bi~2~Se~3~/Al~2~O~3~ interface as the weakest link in the structure, thus exposing Bi~2~Se~3~ films of thicknesses predetermined by the growth process.

![Cleavage-based sample preparation and characterization.\
(**A**) Photo and schematic diagram of assembled Bi~2~Se~3~(0001)/Nb sample structure before cleavage. (**B**) Same sample structure after cleavage exposing a "fresh" surface of the Bi~2~Se~3~ film with a predetermined thickness of four QLs. (**C**) ARPES maps for samples with 4, 7, and 10 QLs of Bi~2~Se~3~ films. The spectra were recorded at photon energies of 18, 35, and 35 eV, respectively. (**D**) An x-ray photoelectron spectroscopy spectrum taken from a cleaved-off Al~2~O~3~ substrate reveals that only a trace amount of Bi is left on the substrate after cleavage, thus confirming that the cleavage occurs at the Bi~2~Se~3~/Al~2~O~3~ interface. (**E**) Atomic force microscopy (AFM) image of the Bi~2~Se~3~ film surface after cleavage. The step structure corresponds well to that of the Al~2~O~3~ substrate. a.u., arbitrary units.](aar7214-F1){#F1}

Momentum-resolved measurement of the superconducting gap
--------------------------------------------------------

ARPES maps near the zone center are recorded in the temperature range of 1.5 to 13 K for all samples. Examples of these are shown in [Fig. 2](#F2){ref-type="fig"} for the 10- and 4-QL films exhibiting TSSs and partially filled bulk conduction bands at the Fermi level ([Fig. 2](#F2){ref-type="fig"}, A and E). At *T* = 10 K, the maps reveal thermally broadened Fermi edges, whereas at *T* = 1.5 K, leading edge shifts and coherence peaks are observed ([Fig. 2](#F2){ref-type="fig"}, B and F). The development of the superconducting gap is evident in the spectra obtained by symmetrization with respect to the Fermi level ([Fig. 2](#F2){ref-type="fig"}, C and G). In particular, the energy distribution curves (EDCs) at three selected in-plane momentum positions corresponding to a BS and the spin- and momentum-locked TSSs (±TSSs) at the Fermi level clearly show coherence peaks of similar magnitude ([Fig. 2](#F2){ref-type="fig"}, D and H). Thus, our measurements demonstrate that the proximity effect induces superconductivity into the BSs and the helical Dirac electrons of the TSSs, as proposed by Fu and Kane ([@R1]).

![ARPES maps revealing proximity-induced superconductivity.\
(**A**) ARPES map taken from a sample with a 10-QL Bi~2~Se~3~ film at *T* = 10 K using 6.994-eV photons. It shows a Dirac cone from the TSSs within the bulk band gap. (**B**) Detailed ARPES maps for energies close to the Fermi level for the 10-QL film sample at *T* = 10 and 1.5 K, respectively. (**C**) Corresponding symmetrized ARPES maps reveal coherence peaks and superconducting gaps throughout momentum space at 1.5 K. (**D**) EDCs at three selected momenta corresponding to a BS, +TSS, and −TSS demonstrate proximity-induced superconductivity in all of these states. (**E** to **H**) Similar results for a sample with a four-QL Bi~2~Se~3~ film.](aar7214-F2){#F2}

Proximity-induced superconductivity as a function of TI film thickness and temperature
--------------------------------------------------------------------------------------

[Figure 3](#F3){ref-type="fig"} shows the symmetrized EDCs associated with BS, +TSS, and −TSS of the Bi~2~Se~3~ films of different thicknesses, and that of a bare Nb reference sample. For all samples, the height of the coherence peaks and the size of the superconducting gap increase with decreasing temperature below *T*~C~^Nb^, and both superconducting features become less pronounced with increasing TI film thicknesses at a given temperature below *T*~C~^Nb^. To further quantify the proximity effect, we fit the symmetrized EDCs by a Dynes function (black curves), which yields the superconducting gap Δ(*T*) as a function of temperature for each case ([Fig. 4A](#F4){ref-type="fig"}). The results for BS and the averaged results for ±TSS (denoted 〈TSS〉 below) are well described by the BCS mean-field equation (dashed curves in [Fig. 4A](#F4){ref-type="fig"})$$\Delta(\mathit{T}) = \Delta(0)\text{tanh}\left( \mathit{A}\sqrt{\frac{\mathit{T}_{C}}{\mathit{T}} - 1} \right)$$where *A* = 1.74. Our analysis reveals that the superconducting transition temperatures for BS and 〈TSS〉 are independent of film thickness and, within the experimental error, equal to *T*~C~^Nb^. Physically, Cooper pairs are induced into the bulk bands of the Bi~2~Se~3~ films through Andreev reflection at the interface. Thus, the pair density is finite for *T* \< *T*~C~ but drops to zero when Andreev reflection ceases for *T* \> *T*~C~. Another important observation is that the zero-temperature gap, Δ(0), decreases as a function of film thickness ([Fig. 4B](#F4){ref-type="fig"}), and the decay behavior is the same for BS and 〈TSS〉. The decay can be understood in general terms as follows. Quasi-particles induced in the TI film by Andreev reflection lose their phase coherence away from the interface ([@R16]), and thus, the Cooper pair density and, accordingly, the proximity-induced gap probed near the Bi~2~Se~3~ film surface decrease with increasing TI film thickness in accordance with theoretical predictions (see the Supplementary Materials) ([@R14], [@R17], [@R18]). A fit of the observed decay of Δ(0) by an exponential function$$\Delta(0) = \Delta_{\text{Nb}}\text{exp}( - \mathit{d}/\lambda)$$where Δ~Nb~ is the zero-temperature gap of bare Nb, *d* is the Bi~2~Se~3~ film thickness, and λ is the decay length, yields the dashed curve in [Fig. 4B](#F4){ref-type="fig"}. The decay length λ = 8.4 QLs deduced from the fit is a measure of the quasi-particle coherence length associated with Andreev reflections. The results can also be analyzed in terms of more elaborate models that consider various scattering and dephasing mechanisms in greater detail. An analysis based on a commonly used quasi-classical Usadel model ([@R17]) is shown in the Supplementary Materials; the decay seen in [Fig. 4B](#F4){ref-type="fig"} can be fitted equally well by a 1/*d*^2^ dependence based on this model. Our available data do not allow a quantitative distinction between the two different fits.

![Symmetrized ARPES EDCs as a function of temperature and Bi~2~Se~3~ film thickness.\
Results for a bare Nb sample as well as for BS, +TSS, and −TSS at Bi~2~Se~3~ film thicknesses of 4, 5, 7, and 10 QLs, respectively. The height of the coherence peaks and the size of the superconducting gap increase with decreasing temperature below *T*~C~^Nb^ and completely vanish for temperatures above *T*~C~^Nb^; both superconducting features become less pronounced for increasing Bi~2~Se~3~ film thicknesses at a given temperature below *T*~C~^Nb^.](aar7214-F3){#F3}

![Extracted superconducting gaps for the BSs and TSSs.\
(**A**) Superconducting gaps for the BS and the TSS as a function of temperature deduced from fitting the symmetrized EDCs with a Dynes function. Results for different film thicknesses and a bare Nb sample are shown. The curves are fit using [Eq. 1](#E1){ref-type="disp-formula"}; the fits yield the zero-temperature gap Δ(0) for each case. (**B**) Δ(0) for a BS and 〈TSS〉 as a function of film thickness. The curve is an exponential fit.](aar7214-F4){#F4}

DISCUSSION
==========

Notably, and in contrast to previous reports ([@R9]), our study shows that the above findings hold for both the BSs and the TSSs. The identical decay behavior of Δ(0) with increasing film thickness for both the BSs and TSSs ([Fig. 4B](#F4){ref-type="fig"}) has a strong implication regarding the details of the induced pairing. Because the wave functions associated with the TSSs are concentrated near the surface with an exponential decay length of less than two QLs ([@R19]), direct transfer of Cooper pairs from the interface to the TI film surface by tunneling decays rapidly with increasing thickness and is negligible for film thicknesses greater than or equal to seven QLs ([@R20]). However, even the TSSs of the 10-QL samples exhibit the same gap as the BSs. This suggests that the TSSs and BSs are quantum-mechanically coupled together, and thus, any superconducting properties impressed upon the BSs are transferred to the TSSs. This happens, although the Cooper pairing in the TSSs and the BSs have very different characters, because the TSSs are analytic continuations of the BSs in energy-momentum space and both are quantum-mechanically coherent over a length scale determined by the mean free paths of the associated quasi-particles ([@R21]). Evidently, the quasi-particle mean free paths in the Bi~2~Se~3~ films are sufficiently large for the BSs and TSSs to exhibit the same gap over the entire range of film thickness studied.

The observed proximity-induced gaps in the BSs and the TSSs of Bi~2~Se~3~ are significantly larger than those reported for Bi~2~Se~3~ and Bi~2~Te~3~ films of similar film thickness on NbSe~2~ substrates ([@R5], [@R6], [@R9]) because of the larger pairing potential induced by Nb (1.6 meV) than by NbSe~2~ (1.2 meV) ([@R5]). Therefore, our study not only gives momentum-resolved insight into the superconducting proximity effect for the arguably simplest TI/SC system but also shows that, on the basis of our novel flip-chip sample preparation technique, optimized artificial topological SCs with a sizable gap can be realized. This opens up new routes to explore the exotic physics in topological SCs and the superconducting proximity effects in general. For example, the flip-chip sample preparation technique will allow the controlled manipulation of the TI/SC interface with respect to defects and magnetic impurities at the interface created by light sputtering of the Bi~2~Se~3~ surface and/or by deposition of impurities on the Bi~2~Se~3~ surface before Nb film growth. This interfacial modification would not change the bulk crystal structure of the Bi~2~Se~3~ film. By contrast, in the conventional approach of heteroepitaxial Bi~2~Se~3~ film growth directly on an SC substrate, defects and impurities introduced on the SC substrate would surely have a negative impact on the TI film quality, because good epitaxial growth requires structural coherence. Thus, the flip-chip technique will permit the preparation of a wide range of other TI/SC systems suitable for ARPES studies, including SC compounds with larger gaps and higher *T*~C~'s, as well as more complicated heterostructures of TI, SC, and ferromagnetic layers.

MATERIALS AND METHODS
=====================

Bi~2~Se~3~/Nb sample preparation
--------------------------------

The epitaxial Bi~2~Se~3~(0001) films were grown by a "two-step process" onto in situ ozone-cleaned Al~2~O~3~(0001) substrates. A two-QL film was grown first at a substrate temperature of 220°C, and subsequent deposition of additional QLs up to the desired film thickness was performed at a substrate temperature of 280°C. Each film was postannealed at 280°C for 3 hours under a low flux of Se to improve the film quality. The crystal structure and thickness of the Bi~2~Se~3~ films were verified, as needed, by in situ reflection high-energy electron diffraction and ex situ x-ray diffraction. After the growth of each Bi~2~Se~3~ film, a 600 Å (110) textured polycrystalline Nb film was sputter-deposited on top at an Ar gas pressure of 6 mtorr and a power level of 150 W. The deposition was performed at room temperature to avoid interdiffusion at the interface ([@R22]). Each sample was glued upside down on a polished copper sheet using a low-temperature--curing Ag epoxy; a cleavage post was mounted on the backside of the Al~2~O~3~ substrate with Torr Seal, which was cured at 60°C for 3 hours.

ARPES measurements
------------------

Most of the ARPES measurements were performed using a laser-based ARPES system (base pressure, 4 × 10^−11^ mbar) at the Institute for Solid State Physics at The University of Tokyo. The system was equipped with a Scienta HR8000 hemispherical analyzer, a vacuum ultraviolet laser with a photon energy of 6.994 eV, and a sample manipulator cooled by (superfluid) liquid helium. The sample temperature was varied in the range of 1.5 to 13 K. This setup provides an experimental energy resolution of 1.2 meV and a stability of the Fermi edge of \~0.1 meV, as verified by following the procedures established previously ([@R23]) \[see the Supplementary Materials and the study of Ota *et al*. ([@R24]) for further details about the laser-ARPES apparatus and standard testing procedures\]. Some additional ARPES measurements were performed using photon energies in the range of 18 to 52 eV at the One-Cube Beamline at BESSY II, as well as beamline 4.03 at the Advanced Light Source (ALS) at Berkeley (see the Supplementary Materials).
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======================
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